Purpose: To characterize the relaxation properties of reactive oxygen species (ROS) for the development of endogenous ROS contrast magnetic resonance imaging (MRI). Materials and Methods: ROS-producing phantoms and animal models were imaged at 9.4T MRI to obtain T 1 and T 2 maps. Egg white samples treated with varied concentrations of hydrogen peroxide (H 2 O 2 ) were used to evaluate the effect of produced ROS in T 1 and T 2 for up to 4 hours. pH and temperature changes due to H 2 O 2 treatment in egg white were also monitored. The influences from H 2 O 2 itself and oxygen were evaluated in bovine serum albumin (BSA) solution producing no ROS. In addition, dynamic temporal changes of T 1 in H 2 O 2 -treated egg white samples were used to estimate ROS concentration over time and hence the detection sensitivity of relaxation-based endogenous ROS MRI. The relaxivity of ROS was compared with that of Gd-DTPA as a reference. Finally, the feasibility of in vivo ROS MRI with T 1 mapping acquired using an inversion recovery sequence was demonstrated with a well-established rotenone-treated mouse model (n 5 6). Results: pH and temperature changes in treated egg white samples were insignificant (<0.1 unit and <18C, respectively). T 1 relaxation time in the H 2 O 2 -treated egg white was reduced significantly (P < 0.05), while there was only small reduction in T 2 (<10%). In the H 2 O 2 -treated BSA solution that produce no ROS, there was a small change in T 1 due to H 2 O 2 itself (61%), although a significant T 2 -shortening effect was observed (>10%, P < 0.05). Also, there was a small reduction in T 1 (13 6 1%) and T 2 (1 6 2%) from molecular oxygen. The detection sensitivity of ROS MRI was estimated around 10 pM. The T 1 relaxivity of ROS was found to be much higher than that of Gd-DTPA (3.4 3 10 7 vs. 0.9 s 21 ÁmM 21 ). Finally, significantly reduced T 1 was observed in rotenone-treated mouse brain (5.1 6 2.5%, P < 0.05). Conclusion: We demonstrated in the study that endogenous ROS MRI based on the paramagnetic effect has sensitivity for in vitro and in vivo applications. Level of Evidence: 2 Technical Efficacy Stage: 2
, and hydroxyl radical (ÁOH), have long been subjects of study due to their central role in cell signaling, the aging process, and in the pathogenesis of a variety of diseases such as cardiovascular diseases, diabetes, cancer, Alzheimer's, and Parkinson's diseases. [1] [2] [3] [4] [5] ROS can be divided into radical species (eg, ÁOH) and nonradical species (eg, H 2 O 2 ). They are mainly produced by several different enzyme systems (eg, cytosolic enzyme) and by the mitochondrial complex I and III. 6 They can react readily with any surrounding tissue component (eg, lipids, proteins, and DNA) 2 and can initiate complicated chain processes with high biological impact (eg, Haber-Weiss or Fenton reactions). 7 The high reactivity and short lifetime of radical ROS make them very challenging to detect. For example, the lifetime of singlet oxygen, superoxide, and hydroxyl radical in aqueous solutions is within the ls regime. [8] [9] [10] [11] [12] [13] In addition, the in vivo concentration of ROS is generally low (lM level), 14 making the detection more challenging. In order to measure ROS, several methods have been developed including optical redox scanning 15 and exogenous contrast magnetic resonance imaging (MRI)-based methods. [16] [17] [18] [19] [20] [21] Optical redox scanning acquires ex vivo fluorescence images from endogenous reduced nicotinamide adenine dinucleotide (NADH) and oxidized flavoproteins (Fp) in order to map the tissue redox state that is related to ROS-induced oxidative stress. 15 However, this technique is invasive and only applicable to ex vivo tissues. MR-based methods such as Overhauser-enhanced MRI (OMRI), 16 proton electron double resonance (PEDRI), 17 and electron paramagnetic resonance (EPR) 18 obtain contrast from the Overhauser effect of irradiated radicals, although requiring exogenous reagents to trap such radicals. Other MRI methods under development also rely on exogenous contrast agents with paramagnetic metallic ions (eg, Gd 31 and Eu
31
). [19] [20] [21] Nevertheless, ideal ROS imaging should be endogenous and able to determine their changes in vivo with high spatial resolution and sensitivity.
The power of MRI resides in providing superb softtissue structural contrast for clinical diagnosis. In addition to the anatomical information provided by MRI, molecular information may also be obtained. ROS with unpaired electrons have the potential to influence tissue relaxation properties that can be used for the quantification of ROS with endogenous contrast MRI. This study therefore investigated the MRI relaxation properties of ROS produced from fresh egg white tissues treated with various concentrations of hydrogen peroxide (H 2 O 2 ). When H 2 O 2 is added to egg white, the hydroxyl radical can be produced for hours in the presence of natural transition metals (such as iron) through Fenton reactions (Eq. 1)
22
:
In addition, the detection sensitivity of ROS MRI was quantified and its in vivo feasibility demonstrated to pave the way for clinical translation.
Materials and Methods
Egg white was manually extracted from fresh hen eggs and was gently stirred for 2-3 minutes. For the determination of ROS detection sensitivity using MRI, separated egg white samples (n 5 6) treated with 0.25 v/v% H 2 O 2 were longitudinally monitored for up to 4 hours. As described in the Fenton reactions (Eq. 1), one molecule H 2 O 2 produces one hydroxyl radical (ÁOH) on average. Hence, the overall ROS production over time is equal to the total initial H 2 O 2 . The produced ROS concentration over time can be modeled with the pseudo-first-order reaction kinetics 22 :
Where [ROS] 0 is the concentration of ROS immediately after (t 5 0) the addition of H 2 O 2 , k is the kinetic coefficient (rate constant of ROS production), and t is time. As suggested by our experimental data that relaxation time change and ROS concentration are correlated, the dynamic changes of relaxation time is expected to follow the same reaction kinetics (Eq. 2). Since the areas under the curve is equivalent to the total ROS production, which is equivalent to the initial H 2 O 2 concentration, [ROS] at any given time can be quantified from curve fitting. The lifetime of produced ROS was assumed to be about 1 ls, 13 and the detection sensitivity was therefore determined as the detectable concentration when contrast-to-noise ratio (CNR) >5, according to the Rosen criteria. 23 In this study, CNR was calculated from magnitude changes of T 1 -weighted MR images between treated and control samples divided by the standard deviation of a user-defined noise region (background) as the following:
Furthermore, the estimated ROS concentrations over time and the corresponding T 1 relaxation times were then used to derive the T 1 -relaxivity of ROS. The T 1 relaxivity of ROS was compared to that of Gd-DTPA, the most common paramagnetic agent in the MRI clinic, as a reference. The T 1 relaxivity of Gd-DTPA was derived from T 1 maps of egg white samples (n 5 3) mixed with various concentrations of Gd-DTPA (0, 0.095, 0.19, and 0.38 mM). For in vivo detection of ROS at the steady-state concentration, we imaged mice (CD-1, male, n 5 6, 12 weeks old, 50 6 6 g body weight) treated with rotenone solutions (an IP bolus injection, 20 mg/kg body weight) that were prepared based on previous reports. 24, 25 In brief, rotenone dissolved in chloroform (>99%, Sigma-Aldrich) was mixed with 4% of carboxymethylcellulose (Sigma-Aldrich) to render a final concentration of 1.25 mg/mL. MRI of mouse brains was performed at baseline and 1.5 hours post-rotenone injection. In addition, we imaged another group of mice (CD-1, male, n 5 3, 12 weeks old, 50 6 8 g body weight) treated with PBS with the same injection volume for rotenone group as reference. All experimental procedures and protocols were reviewed and approved by the Institutional Animal Care and Use Committee. MRI of egg white samples and mouse brains were performed on an Agilent 9.4T horizontal bore MRI scanner (Agilent, Santa Clara, CA) equipped with an 11-cm gradient coil (1000 mT/m, 0.13 msec) and with a 39-mm ID birdcage quadrature proton RF coil. MRI protocols consisted of anatomical imaging and T 1 /T 2 mapping. High-resolution multislice anatomical images were acquired with a fast spin echo sequence and parameters: repetition time / echo time (TE/TR) 5 8. Image processing and data analyses were all performed using home-built programs in MATLAB (R2012b, MathWorks, Natick, MA).
Comparison of results from treated and untreated egg white samples was performed using unpaired one-tailed Student's t-tests. The reaction kinetics curve-fitting was performed using the nonlinear least squares procedure in MATLAB (R2012b, MathWorks). The quality of fit was evaluated by R-squared. 26 For the animal study, paired one-tailed Student's t-tests were used. P < 0.05 was considered statistically significant. Values are presented as mean 6 standard error (SE).
Results
Changes in pH and temperature due to Fenton reactions in H 2 O 2 -treated egg white samples were very small (<0.1 unit and <18C, respectively). T 1 relaxation time of egg white samples was found to reduce with H 2 O 2 treatment (Fig.  1a,b) , while the reduction in T 2 relaxation time was negligible (<10%) (Fig. 1c,d ). On the other hand, in the BSA samples producing no ROS, the reduction of T 1 relaxation time due to H 2 O 2 was negligible (61%) (Fig. 2a,b) . On the other hand, the T 2 relaxation time of BSA was greatly decreased with H 2 O 2 treatment (>10%, P < 0.05) (Fig.  2c,d ). Figure 3 shows the effects of molecular oxygen in T 1 and T 2 in BSA solutions. In the comparison between bubbled and nonbubbled BSA solution, there was small reduction in T 1 (13 6 1%) and T 2 (1 6 2%) (Fig. 3a,b) . Representative T 1 and T 2 time maps obtained from BSA samples bubbled for an hour are shown in Fig. 3c,d , respectively. The dynamic of T 1 and its relative changes over time for the egg white sample (0.25 v/v% H 2 O 2 ) are shown in Fig. 4a,b , respectively. The relative T 1 changes were fitted with pseudo-first-order reaction kinetics with high overall goodness-of-fit (R-square 5 0.83 6 0.06). Based on the fitting, the produced ROS concentrations over time were estimated (18.4 6 0.1 pM at 0.5 hour, 11.6 6 2.9 pM at 1 hour, 6.4 6 2.3 pM at 2 hours, 5.2 6 4.0 pM at 3 hours, and 3.2 6 0 pM at 4 hours) using Eq. 2. The corresponding CNRs were (10.0 6 0.0 at 0.5 hour, 7.0 6 1.9 at 1 hour, 3.9 6 1.2 at 2 hours, 1.5 6 0.8 at 3 hours, and 1.8 6 0.0 at 4 hours) (Fig. 4c) . According to Rosen criteria, requiring CNR >5, the detection sensitivity of ROS imaging was around 10 pM assuming a lifetime of 1 ls for the hydroxyl radicals. [8] [9] [10] [11] [12] [13] With the estimated ROS concentrations over time and the corresponding T 1 relaxation times, the T 1 relaxivity of ROS was computed to be 3.4 3 10 7 s
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, which is much larger than that of Gd-DTPA (0.9 s (Fig. 5) . T 1 maps for the detection of ROS production in vivo was demonstrated in rotenone-treated mice. The in vivo results were consistent with phantom studies by showing a significant reduction in brain T 1 relaxation time due to rotenone compared to the baseline (P < 0.05) (Fig. 6 ). Representative T 1 maps from rotenone-treated mice and controls are shown in Fig. 7 . The relative reduction in T 1 from cortex, thalamus, and whole brain were 7.0 6 1.7%, 6.4 6 1.6%, and 5.1 6 2.5%, respectively. In contrast, the T 1 changes were not observed in control mice ($1.9 6 1.3%).
Discussion
Noninvasive high-resolution ROS imaging based on endogenous contrast is highly demanding. The paramagnetic effect of ROS (with unpaired electrons) has been recently reported. 28, 29 The studies focusing on degenerative retina diseases show evidence that T 1 time in the retinal pigment epithelium layer was reduced in manganese-superoxidedismutase (MnSOD) knockout (KO) mice compared to healthy controls. 29 Note that MnSOD is a primary antioxidant enzyme in mitochondria. Moreover, T 1 time recovered in KO mice after antioxidant treatment, indicating that free radicals were responsible for T 1 shortening. Although the link between paramagnetic effects and free radicals has been suggested in those studies, for the first time we quantitatively characterized the T 1 relaxivity of ROS and the detection sensitivity of ROS MRI based on its endogenous paramagnetic effect. Free radical ROS has an extremely short lifetime, typically in ls. [8] [9] [10] [11] [12] [13] Instead of developing an MRI technique with submicrosecond temporal resolution to study its MRI properties, we alternatively established an imaging platform that sustainably produces ROS. Fresh egg white treated with H 2 O 2 prolongs ROS production for hours, with quantifiable ROS concentrations over time. Note that in Fenton reactions a variety of ROS may be produced including ÁOH and HOOÁ. Those radicals are convertible through complicated redox reactions and pathways. On average, one H 2 O 2 produces one ÁOH, as indicated in Fenton reactions. It has been reported that ROS concentration over time in H 2 O 2 involved reactions follows first-order or pseudofirst-order kinetics. 22, 30 Our dynamic T 1 reduction data also reflected such kinetics consistently. Based on this simple model, we estimated the detection sensitivity of ROS MRI is at the pM level under the assumption of a 1 ls lifetime for hydroxyl radicals. [8] [9] [10] [11] [12] [13] Under shorter lifetimes (eg, 1 ns), the detection sensitivity will be proportionally higher (eg, 10 23 pM level). Given that the physiological concentrations of ROS is in the lM level 14 and their concentration can be elevated by over 100 times under conditions such as inflammation or stroke and reperfusion, 14, 31, 32 the pM detection sensitivity provides the capability to detect ROS under both physiological and pathological conditions. By curve-fitting time-resolved ROS concentrations, we were able to quantify the relaxivity of free radicals, which was much larger than Gd-DTPA in egg white tissues. Such high relaxivity is presumably due to ROS' unpaired electrons and their extremely high reactivity.
In terms of specificity, the observed T 1 -shortening effect observed in H 2 O 2 -treated egg white may be contributed by other confounding factors such as H 2 O 2 itself, molecular oxygen, and oxidized proteins. We found that the effects from these factors were small. First of all, the influence of H 2 O 2 itself on relaxation time T 1 was negligible, as less than 2% of T 1 reduction was observed in H 2 O 2 -doped BSA solutions, which produced no ROS. However, there was significant reduction in the T 2 relaxation time from H 2 O 2 treatment that is consistent with reported studies. 27 For molecular oxygen, given that the observed T 1 reduction in our BSA solution was small ($13%), its contribution to the observed T 1 reduction in H 2 O 2 -treated egg white studies was limited. Third, H 2 O 2 treatment might oxidize proteins in egg white and lead to a possible reduction in relaxation properties. However, it has been shown that the significant coagulation, gelation, modification, or denaturation of egg white protein occurs when H 2 O 2 treatment concentration exceeds 1 v/v%, 33 which is far beyond the concentrations used in this study. The fact that T 1 time in H 2 O 2 -treated egg white samples recovered back towards the baseline level at 4 hours after treatment indicated that the contribution from irreversible protein oxidation was also negligible. Given these considerations, we concluded that the T 1 changes observed in the egg white experiments are predominantly due to ROS. The feasibility of in vivo detection was demonstrated in the healthy mice with and without rotenone treatment. Our study showed consistent changes in T 1 in a similar way as what we observed in the phantom studies. Meanwhile, there was no obvious change in T 1 in PBS-treated mice. All these indicate that the elevation in steady-state ROS concentration due to rotenone treatment is detectable with endogenous ROS MRI based on T 1 contrast. Given that rotenone was used to produce Parkinson's diseases (PD) in preclinical models, 24, 25 ROS MRI may provide more insight into the role of ROS in the pathogenesis of PD in future studies. T 1 relaxation time can be affected by many factors, including dipole-dipole interactions, chemical shift anisotropy, molecular translation (such as flow and diffusion), chemical exchange, and scalar (J-coupling) and electricquadrupole coupling. [34] [35] [36] [37] Absolute quantification of ROS based on T 1 -weighted MRI contrast will be challenging. This technique may be more suitable to detect or to quantify the relative changes in radical production compared to control groups in vivo under acute and chronic conditions while other factors are relatively controlled.
Another limitation is that we did not compare our estimation of ROS contents to an established measurement. However, it is worthwhile noting that there is currently no reference standard for the absolute quantification of ROS because biochemical analysis and exogenous contrast-based imaging methods inherently alter ROS concentrations in tissues under study through the addition of probes or contrast agents.
Nevertheless, we have characterized the sensitivity of ROS detection using MRI T 1 -weighted contrast and their T 1 relaxivity. In vivo detection of ROS with endogenous T 1 contrast MRI has also been demonstrated. These initial results are potentially important for clinical translations of the endogenous MRI of short-lived ROS.
